Abstract: Cenozoic basalts carrying ultrama c mantle xenoliths occur in the Matilde, León and Chenque hills in the Paso de Indios region, Argentina. The mantle xenoliths from the Chenque and León hills mainly present porphyroclastic textures, whereas the Matilde hill xenoliths have coarse-grained to porphyroclastic textures. The equilibrium temperatures are in the range of 780 to 940
Introduction
Petrological studies of mantle xenoliths provide valuable information on the structure and composition of the litho-spheric mantle [ [1, 2] , among others], sometimes providing the direct evidence of metasomatic processes, such as those produced by slab-derived components at convergent margins [e.g. [3, 4] ]. In southern South America, south of 33
• S, multiple volcanic episodes occurred during the Cenozoic Era linked to extensional movements developed in extra-Andean back-arc. These episodes are characterized by the eruption of alkali basalts [5] that in many outcrops contain mantle xenoliths. Ultrama c xenoliths are reported in di erent locations in Patagonia: mantle inclusions from the Comallo Region (Río Negro province) and Los Adobes (Chubut province) were rstly discussed by Gelós and Hayase [6] . Later, Bjerg et al. [7, 8] , Barbieri et al. [9] and Rivalenti et al. [10] conducted regional studies based on spinel facies xenoliths collected in the Río Negro, Chubut and Santa Cruz provinces. Among these localities (more than 20) , only two contain garnet-bearing peridotites: Pali Aike located in southern Patagonia [11] [12] [13] [14] and Prahuaniyeu, located in northern Patagonia [8, [15] [16] [17] .
In the Paso de Indios area, central region of the province of Chubut, there are several outcrops of Cenozoic basalts carrying ultrama c xenoliths. These xenoliths were rst mentioned by Alric et al. [18] , Labudía [19] and Alric [20] . Later, Rivalenti et al. [10] and Bjerg et al. [8] included microanalyses obtained in samples from the Paso de Indios area in their regional studies on the Patagonian mantle.
Rivalenti et al. [10] documented an extreme heterogeneity in the mantle xenoliths from this area, in which the trace-element composition of clinopyroxene showed a variability that nearly covered the entire compositional range exhibited by the mantle xenoliths from the extraAndean Patagonian back-arc. In particular, Paso de Indios is one of the very few Patagonian localities in which clinopyroxene from spinel-facies peridotites has HREE depletion, suggesting pronounced degrees of partial melting. This fact allows the reconstruction of the mantle composition before regional reworking of the lithospheric mantle owing to the ascent of di erent kinds of melts triggered by the subduction process [10] .
However, the available petrochemical data [e.g. [8, 10, 19] ] may not be su cient to portray a realistic picture of the lithospheric mantle.
In this paper we present detailed petrographic analysis and major-element mineral chemistry of the spinelfacies ultrama c xenoliths hosted by Paleogene basaltic rocks of the Matilde, León and Chenque hills; and comment on the P-T-X condition of the sub-continental lithospheric mantle (SCLM) beneath Paso de Indios region.
Geological framework
The study area is located in the extra-Andean back-arc region of Chubut province (Figure 1 ), in the vicinity of Paso de Indios village ( Figure 2 ). Several alkali basaltic necks and dikes outcrop in this area along with remnants of lava ows divided in two groups of Paleocene and Eocene age [20] . Eocene magmatic activity, documented by the rocks of the Matilde, León and Chenque hills described in this work, carry ultrama c xenoliths. The basaltic rocks intrude and cover Cretaceous sediments and are partially overlain by Quaternary debris [21] [22] [23] . The basalts are related to the Paleogene bimodal volcanism of the Piedra Parada complex [24] [25] [26] , a large caldera eld made up of rhyolitic ignimbrites ( are up) inter-bedded with tholeiitic and alkali basalts. This extra-Andean volcanism was generated by extensional tectonics related to a transform plate margin episode that a ected the southern South America active margin from the Paleocene to the Oligocene [25] . During this stage the Aluk plate detached and a slab window opened beneath the study area.
Matilde hill is located 12 km northeast of Paso de Indios locality, at 68
• 55' 26.6"W, 43
• 48' 41.8"S. It is the remnant of a lava ow with a semi-circular shape of about 700 m diameter containing abundant ultrama c xenoliths up to 7 cm in size. Xenoliths were obtained from sub metersized in situ lava blocks (up to 0.6 m diameter), which contained up to 5 xenoliths per block. León volcano is located 18 km north of Paso de Indios, at 69
• 0' 14.2"W, 43
• 42' 8.9"S. It comprises a main hill surrounded by several smaller elevations. The outcrops are partly covered by Holocene sediments and basaltic debris. Ultrama c xenoliths are di cult to extract, being hosted in the centre of massive blocks of basalt (up to 0.8 m diameter). The maximum size of these xenoliths reaches 10 cm in diameter. Chenque hill is a basaltic dike about 50 m long situated 26 km northeast of Paso de Indios village, adjacent to the Provincial Route 12 at 68
• 56' 37.1"W, 43
• 38' 36.6"S. The largest ultrama c xenoliths are up to 20 cm in diameter: they appear as loose and friable fragments scattered on the ground. Fresh xenoliths, not exceeding 5 cm in diameter, were obtained from vertical slabs of massive basalt. Chenque hill outcrops also contain a signi cant amount of xenoliths of lower crustal granulites, up to 25 cm in diameter, which are dominantly from the Jurassic Period [27] . This locality is di erent from that named Cerro de los Chenques reported in Rivalenti et al. [28] and located approximately 160 km to the southwest at 70 • 4' 9.9"W, 44
• 52' 2.9"S. [28] .
Material and methods
We carried out the petrographic description and modal analyses of 19 spinel-facies ultrama c xenoliths from León hill, 27 from Matilde hill and 20 from Chenque hill. The modal analysis of the xenoliths was carried out on thin section scanned images using the software Rock.Ar [29] . The number of counts per section varies between 3000 and 7000. Accuracy of the results of the softwarebased modal analysis was cross-checked manually on the optical microscope tted with an integrated stage and an automatic point counter. Analyses of about 20 thin sections did not show signi cant di erence in the estimated percentages of the mineral phases.
The major-element chemical composition of olivine, orthopyroxene, clinopyroxene and spinel was determined with a JEOL JXA-8200 electron microprobe in wavelength dispersive mode at Dipartimento di Scienze della Terra, Università di Milano, Italy, using 15 kV accelerating voltage, 15 nA beam current, 1-3 µm beam diameter, 30 s counting time on the peaks and 10 s on the background. Natural minerals (olivine for Mg; omphacite for Na; ilmenite for Ti; rodonite for Mn; K-feldspar for K; anorthite for Al and Ca; wollastonite for Si; fayalite for Fe and nicolite for Ni) and synthetic chromite were used as standards. The results were corrected for matrix e ects using the conventional ZAF method provided by the JEOL suite of programs. Results are considered to be accurate within 2-6%.
Petrography and classi cation of the xenoliths
Xenoliths sampled from León hill are spinel peridotites and pyroxenites ( Figure 3 , Table 1 ). Harzburgite is the most frequent rock type (8 samples, 42%), followed by lherzolite (5 samples, 26%), dunite (3 samples, 16%), olivine-websterite (2 samples, 11%) and wehrlite (1 sample, 5%). The dominant texture is porphyroclastic (58%) and, less frequently, porphyroclastic transitional to equigranular (21%), coarse-grained to porphyroclastic (16%) and coarse-grained (5%) ( Figure 4A ). Modal content of olivine in peridotites ranges from 60 to 89 vol.%, while in the two olivine-websterites is slightly above 5 vol.%. Large olivines are anhedral to subhedral: they show kink bands and reach 12 mm in length. Small, unstrained grains, up to 1-2 mm, have polygonal edges with frequent triple junctions. In dunites (L16, L76, L82b) and olivine-rich (>74 vol.%) peridotites (L17, L20, L37, L69, L72) small grains of unstrained olivine are located in orthopyroxene embayments suggesting replacement (see pictures and discussion in [30] ). The modal content of orthopyroxene ranges from 2 to 38 vol.% in peridotites, and approximately 87 vol.% in olivine-websterites. The orthopyroxenes are mainly anhedral and reach 12 mm in diameter ( Figure 4A ). Large grains commonly show a thin regular pattern of clinopyroxene exsolution lamellae and kink-bands less developed than those present in olivine. Orthopyroxene shows reaction rims when in contact with the host lava constituted by clinopyroxene + olivine + glass ± orthopyroxene ± spinel group minerals ± plagioclase, generally less than 0.6 mm thick. In orthopyroxene-rich samples (L38, L59, L68, L73, L82a), frequently small orthopyroxene shows a vermicular texture inside or between larger and strained olivine grains suggesting replacement (see [30] ), locally in association with clinopyroxene and smaller and unstrained olivine. The modal content of clinopyroxene in olivine-websterites is approximately 5 vol.%, whereas it varies between 0.2 and 14 vol.% in harzburgites and lherzolites, reaching 26 vol.% in wehrlite L75. In lherzolite and harzburgite, clinopyroxene occurs as anhedral crystals up to 1.2 mm in diameter ( Figure 4A ), while in wehrlite L75 large clinopyroxenes enclose olivine and minor orthopyroxene de ning a poikilitic texture. In dunites and olivinerich harzburgites, clinopyroxene is scarce and interstitial, being associated with secondary olivine replacing primary orthopyroxene. Rarely, it shows a cloudy appearance due to the presence of tiny (<30 µm diameter) melt inclusions. The modal content of spinel varies from 0.6 to 3 vol.% in peridotites and from 0.7 to 1.4 vol.% in olivine-websterites. [21] , Anselmi et al. [22] and Silva Nieto [23] . The studied outcrops are shown in bold style.
Spinel occurs with three di erent habits (e.g. in harzburgite L82a). Larger spinels occur as anhedral grains (holly leaf), reaching 2.7 mm in length. A second group is represented by subhedral and euhedral inclusions in olivine. Spinel is also present as rounded grains associated with secondary olivine and clinopyroxene replacing larger, primary orthopyroxenes. Veinlets of altered (serpentinized) glass are common in the studied samples. They form up to 6 % of the rock volume, being frequently directly linked to the host basalt.
Xenoliths from Matilde hill are represented by harzburgites (22 samples, 81%) with minor lherzolites (5 samples, 19%) ( Figure 3 , Table 1 ). The dominant textures are coarse-grained transitional to porphyroclastic (55%) and porphyroclastic (41%), with a small proportion of coarse-grained texture (4%) ( Figure 4B ). Several xenoliths bear veinlets of altered (serpentinized) glass that reach up to 5 vol.% and are frequently linked to the host basalt. Related to these veinlets, reaction zones up to 6 mm thick are observed in four samples.
Olivine content varies from 52 to 80 vol.%. Large olivine crystals reach 12 mm in diameter. They are anhedral to subhedral and kink-banded. Smaller olivines, up to 1-2 mm, are subhedral with frequent triple junctions and generally unstrained. Orthopyroxene content ranges from 8 to 40 vol.%, crystals have a maximum length of 9 mm and are mainly anhedral. Large orthopyroxenes show exsolution lamellae of clinopyroxene. In olivine-rich harzburgites (MA, M14, M15, M17), orthopyroxene is frequently interstitial and vermicular, replacing large strained olivines. Orthopyroxene in contact with basalt developed a reaction texture composed mainly of secondary clinopyroxene and minor glass, spinel group minerals, orthopyroxene, plagioclase and olivine. Lherzolites M23 and M66 show orthopyroxenes almost totally replaced by a ne-grained intergrowth of clinopyroxene and olivine (up to 0.3 mm in diameter): such reaction zones are linked to veinlets of altered glass directly connected with host basalt.
Clinopyroxene has a variable modal content ranging from 0.3 to 8.5 vol.%, it is anhedral and up to 3 mm in size. Spinel reaches 2.5 mm in size, is anhedral and spans from 0.2 to 6.6 vol.%. Holly-leaf shaped spinel [31] is commonly observed in porphyroclastic samples.
At Chenque hill, most of the ultrama c xenoliths can be classi ed as lherzolites (8 samples, 42%) and harzburgites (7 samples, 37%); a few websterites (3 samples, 16%) and only one dunite (1 sample, 5%) were also observed ( Figure 3 , Table 1 ). One sample of peridotite (Q98) with a pyroxenite band (composite xenolith) was found. Textures identi ed, in order of decreasing abundance are: porphyroclastic (53%), porphyroclastic to equigranular [32] . The yellow eld represents the variation of anhydrous Patagonian xenoliths from Bjerg et al. [8] and Rivalenti et al. [10] .
(26%), equigranular (11%), coarse-grained to porphyroclastic (5%) and coarse-grained (5%) ( Figure 4C ). Olivine modal content varies between 54 to 92 vol.% in peridotites and from 0 to 3 vol.% in websterites. Large anhedral to subhedral crystals of olivine reach 10 mm, have irregular edges and show kink-bands ( Figure 4D ). Olivine smaller than 1.5 mm is polygonal and mainly unstrained. Unlike the León samples, evidence of small olivine grains replacing orthopyroxene was found in only one olivine-rich harzburgite (Q101, Figure 4E ). The modal content of orthopyroxene varies between 1 to 37 vol.% in peridotites and from 26 to 66 vol.% in websterites. Subhedral grains of orthopyroxene, reaching 10 mm in diameter, frequently show exsolution lamellae of clinopyroxene and sometimes kink-bands. Orthopyroxene, sometimes associated with clinopyroxene ( Figures 4D, F) , frequently replaces strained olivine in samples with more than 22 vol.% orthopyroxene (Q58, Q59, Q65, Q96, Q103, Q104, Q105, Q107, Q109, Q-EUG). Less frequently, large crystals of orthopyroxene with exsolution lamellae and kink-bands exhibit embayments occupied by small grains of olivine ± clinopyroxene (e.g. harzburgite Q101, Figure 4E ). As in the other localities, orthopyroxene shows reaction textures where it comes in contact with the host lava ( Figures 5A-C) . Clinopyroxene is anhedral, reaching up to 2.5 mm in diameter and its modal content ranges from 1 to 12 vol.% in peridotites and from 34 to 68 vol.% in websterites. Rarely, clinopyroxene shows reaction (spongy) rims with the development of a corona (<0.3 mm) consisting of smaller grains of clinopyroxene enriched in Mg and Ca and depleted in Al and Na in relation to clinopyroxene core. Spinel is anhedral, reaches 2 mm in size, and its modal composition range between 1 and 4 vol.% in peridotites and from 0 to 1.4 vol.% in websterites. Holly-leaf shaped spinel is commonly observed in porphyroclastic samples. Chenque xenoliths show up to 3 vol.% glass-altered veinlets, frequently linked to the host basalt ( Figure 5A ). Olivine from Chenque hill has the widest range of variation in Fo content, from 92.0 mol% in the harzburgite Q101 to 90.2 mol% in lherzolite Q-EUG. As in León Figure 5 ). The least depleted pyroxene and spinels from Chenque belong to lherzolite Q65. As a whole, olivine has Fo content in the range of variation of previously published data [10] . The Na O and TiO contents in clinopyroxene increase while CaO and MgO decrease with the increase of Al O content (Na O and CaO analyses are shown in Figure 6 ). The content of Al, Ca and Na in the clinopyroxene of the harzburgite L82a from León hill is as high as in those from the Chenque lherzolites ( Figure 6 ). Spinels and olivine plot within the olivine-spinel mantle array eld [33] . In this diagram, some Chenque lherzolites and all the Matilde xenoliths lie very close to depletion trend estimated at 1.5 GPa. Conversely, the León sample and some other Chenques xenoliths lie apart, showing relatively large Fo contents with respect to their low Cr#Sp values ( Figure 6) .
Major-element composition of minerals
The values of CaO, Na O and Al O in clinopyroxene, and the Mg# and Cr# of spinels, show a range of variation comparable to previous data from Paso de Indios peridotites [8, 10] , and are signi cantly depleted compared to the fertile mantle below the Agua Poca region (Group 1 xenoliths of [34] ]), and below the Cerro de los Chenques volcano (sample CD61 of [10, 28] ), which are among the very few examples of fertile spinel lherzolites with Depleted Mantle a nity found in the Argentinean extraAndean back-arc [28, 34] .
Orthopyroxene-clinopyroxene textural relationships and the positive correlation of their Mg#, Al O (Figure 7) and TiO (not shown) suggest that these two phases approach chemical equilibrium. Similarly, olivinespinel textural relationships and the negative correlation of their Mg# suggest chemical equilibrium among these two phases in lithologies that experienced di erent degrees of partial melting. However, the Matilde samples on one side and the Chenque and León samples on the other side form two distinct sub-trends, in which the Mg# are positively correlated.
Discussion
Temperature and pressure Estimated equilibrium temperatures of the studied xenoliths based on major-element analyses of clinopyroxene and orthopyroxene cores are shown in Table 3 . Temperatures calculated with the two-pyroxene thermometer of Taylor [T TA ; [35] ] range from 782 (M67) to 885
• C (L82a) (at 1.5 GPa). The temperature estimates provided by the Cain-Opx thermometer of Brey and Köhler [36] (T Ca-in-Opx) de ne a more restricted range, towards higher temperatures (861-892 • C). Such a mismatch is expected according to the positive bias documented by Nimis and Grütter [37] for the Ca-in-Opx thermometer at temperatures lower than 1000
• C (up to +90
• C, on average, at T TA = 700 • C).
Compared with the previous temperature estimates obtained using the popular two-pyroxene geothermometer (T BKN ; [36] [37] demonstrated that the T BKN is accurate for clinopyroxene with Na contents of ∼0.05 atoms per 6-oxygen formula (apfu), but these temperature estimations show a systematic positive bias with increasing NaCpx (∼150 • C at NaCpx = 0.25 apfu). Nevertheless, the T BKN calculated for the Paso de Indios xenoliths are signi cantly lower than most of those so far reported in literature for Patagonian localities, being in the range from 797 (M67) to 942
• C (L82a) (at 1.5 GPa).
A similar temperature range (T from 779 to 937 • C) is also obtained using the thermometer of Ballhaus et al. [39] based on the Fe-Mg exchange between olivine and spinel. However the temperature gradients are di erent among the di erent xenolith suites depending on the geothermometer considered. In fact, according to pyroxene thermometers [35] the lower temperature estimates are those of Matilde xenoliths (782 to 851 • C), while the higher temperatures are from Chenque and León xenoliths (834 to 885
Considering the Ol-Sp thermometer [39] , lower temperatures are derived from the Chenque and León xenoliths (779 to 879 • C), whereas the higher temperatures are those of the Matilde xenoliths (821 to 937
It is concluded that the temperature range of the studied xenoliths is strongly de ned, since all the geothermometers used point to the same, relatively low, T interval (780 to 940
• C). The latter suggests that the studied samples come from distinctly cold, presumably shallow, lithospheric mantle sectors. This assessment is also supported by the pressures calculated with the empirical geobarometer of Mercier [40] , which vary between 1.4 and 1.8 GPa ( Table 3 ), suggesting that the studied xenoliths belonged to a restricted mantle [35] ; Ca-Opx = Ca in orthopyroxene thermometer [36] ; BKN = two-pyroxene thermometer [36] ; Ol-Sp = olivine-spinel thermometer [39] ; PMc = clinopyroxene barometer [40] .
section spanning approximately from 47 to 60 km depth. Such pressure estimates show a broad positive correlation with the temperatures estimated according to olivinespinel equilibrium, whereas clear correlation is not shown with respect to temperatures calculated on the basis of the pyroxene solvus.
Estimates of partial melting The abundance (68%) of harzburgites and lherzolites with less than 6 vol. % of clinopyroxene provides evidence that the mantle column beneath the Paso de Indios is signicantly depleted with respect to the modal composition of the Primitive Mantle proposed by Johnson et al. [32] (Figure 3) . This tendency appears in the majority of Patagonian occurrences of mantle xenoliths [8, 10, 28, 41, 42] . The possible relationship of the overall depleted character with episodes of partial melting can be inferred from the relative variation of orthopyroxene (Opx) versus clinopyroxene (Cpx) in the analyzed samples as shown in the Cpx/Opx vs. Cpx plot. The peridotitic samples from the three locations approximate the depletion model trend of non-modal partial melting of a Primitive Mantle portion (Figure 8) , with some outliers (M23, M66, Q98). From this plot, we infer that the most depleted samples are those of León and Matilde with modal content of pyroxene corresponding to more than 16% (most of them ≥22%) of basalt removal. The Chenque samples have a depletion level starting from 10% partial melting, even though the 50% of them shows a modal composition of pyroxene still consistent with ≥22% partial melting.
The degree of melting (F) has been also estimated on the basis of the Cr# of the spinels using the empirical equation of Hellebrand et al. [44] [F = 0.10*ln(Cr#sp) + 
0.24].
The results suggest that the studied peridotites experienced between 8% and 16% melt extraction. Lower degrees of partial melting (8 to 12%) are estimated for the sample suites of the Chenque and León hills with respect to the Matilde hill suite (14 to 16%). The same relative variation was obtained with the alternative equation developed by Batanova et al. [45] [F = 9.71*ln(Cr# sp) + 25.8]. In fact, the lower partial melting estimates are provided by the Chenque and León spinels (10 to 14% of melt extraction), whereas the most depleted samples are those of Matilde with 16 to 18%. Both equations were also applied to the compositions of the Paso de Indios spinel previously published [10] . These samples indicate a melt extraction from 9 to more than 20% and from 11 up to 24% with the equations of Hellebrand et al. [44] and Batanova et al. [45] respectively.
As expected, the modal clinopyroxene content shows a negative correlation with degree of melting (F) estimated on the basis of spinel composition, with three outliers (one for each locality, Figure 9A ) and a positive correlation with the Al content of clinopyroxene.
Along with the opposite correlations of Na and Ca with Al content in clinopyroxene and Mg# vs. Cr# in spinel (Figure 6 ), these relationships are suggestive of the main compositional trend being controlled by increasing extents of partial melting of a common fertile mantle source close to the composition of the Agua Poca xenolith suite [34] . In this regard the Matilde samples are the most depleted. The mantle xenolith suite of Agua Poca has been chosen because it records fertile mineral and whole-rock composition unlike the majority of Patagonian localities.
The studied samples were recovered in a small region (<20 km apart) and belong to the same eruptive event. Along with their reduced vertical distribution they are representative of a small mantle region with respect to the scale of the partial melting processes that usually a ects very large portions (hundreds of km) of the asthenospheric mantle. The observed compositional variability is therefore suggestive of short-scale variation of the apparent degree of melting that cannot be justi ed in terms of lateral temperature variations.
Partial melting can be locally enhanced by progressive melt channelling that induces pyroxene dissolution compositionally mimicking the partial melting trend [46] . This process is attested to by the strong orthopyroxene modal variability (Table 1, Figure 8 ) with several samples showing very low modal orthopyroxene and consequent locally high Cpx/Opx (Figure 8 ). The presence of four dunite samples can be interpreted as representative of the extreme terms of pyroxene dissolution due to channelling of silicaundersaturated melt at relatively low P [47] . Pyroxene instability is con rmed by petrographic examination that suggests a di use record of secondary olivine replacing orthopyroxene in olivine-rich peridotites. This process can explain di erences in the inferred degree of melting, but cannot explain the compositional trends of each locality.
Compositional variations show local trends diverging from the partial melting-related trend as observed in the Na O vs. Al O plot ( Figure 6 ) and the Mg-Fe distribution between olivine and spinel ( Figure 7) . Peculiar trends for each locality also appear in the compositional variation of Na O vs. Cr# in clinopyroxene (Figure 10) . Cr# in clinopyroxene [= 100*Cr/(Cr+Al) molar ratio], increases during partial melting because of the relative compatibility of chrome with respect to aluminium. Sodium is a strongly incompatible element and is expected to decrease during partial melting. Instead, Na is observed to increase locally at increasing Cr# of the host pyroxene. Such an internal decoupling has been described in abyssal peridotites residual from the suboceanic decompressional melting [51] . The counterintuitive enrichment of the most incompatible elements during melting has been attributed Figure 10 : Clinopyroxene Na O vs. Cr# compositional variation in the studied samples. Grey dots show the global depletion trend de ned by abyssal peridotites, which is highlighted with an empty arrow: data from the Mid Atlantic Ridge [48] and the South West Indian Ridge [49] . Dashed black line delimits the Agua Poca eld after Bertotto et al. [34] . Local trends (arrows with dashed lines) are suggestive of open-system melting and/or metasomatism with in ltration of Na-rich melts as in Brunelli et al. [50] . With a grey arrow is indicated a broad negative melting-related trend of our sample suite.
to open-system melting with in ux of enriched, Na-rich melts under near-batch conditions by [50] . Similar conditions can be postulated for the mantle portion during the melting event at the studied localities. As shown in Figure 10 , local trends are aligned along a general trend where Cr# steadily increases while Na decreases, in conjunction with the melting trends exhibited by major oxides and the modal variations in Figures 6 and 7 . The Agua Poca group 1 sample suite has a fertile end-member nature. Moreover two separate populations can be recognized among the Chenque samples, one being plotted with the León sample. The two groups are weakly recognizable in terms of major-element systematics (Figures 6 and 7) . This observation may attest to the Chenque and León melt plumbing system to be partially rooted in the same mantle region. The overall melting trend runs parallel to the trend of abyssal mantle peridotites and this attests to major sodium enrichment in the analyzed suites. Whether this character pertains to the melting process itself or is due to the composition of the source and/or in uxing melt, this ambiguity cannot be distinguished based on major-element data alone.
An alternative process to be considered is the possible occurrence of a metasomatic overprint due to the upward migration of exotic Na-rich mantle melt(s) unrelated to the partial melting event(s). This scenario is based on the observation that positive correlations between clinopyrox-ene Na O and Cr have been documented in world-wide mantle peridotite suites belonging to craton to o -craton subcontinental realms, being basically interpreted as the result of metasomatism by alkaline melts sensu lato having large Na and Cr/Al ratios [ [52] and references therein].
In this scenario, the olivine-rich lithologies were likely the preferential pathways of such melt migration, recording the highest time-integrated melt-rock ratio. Secondary olivine replacing large orthopyroxene con rms the pyroxene instability in olivine-rich peridotites.
However, the petrographic evidence of the presence of exotic melts is more e ectively represented by the di use record of replacement of primary olivine by orthopyroxene±clinopyroxene in orthopyroxene-rich peridotites. Such a mineralogical reaction scheme points to silica-saturation in the putative migrating melt, which cannot be reconciled by closed-system partial melting processes in mantle peridotites.
This consideration is also supported by the evidence that the mineral chemistry of the sample with the largest orthopyroxene modal content, namely the harzburgite L82a from León hill, systematically shows discordant behaviour with respect to partial melting trends.
The occurrence of peridotites completely reequilibrated by migration of LILE-enriched, HFSEdepleted melts in the Paso de Indios mantle column were already highlighted by the clinopyroxene compositions reported by Rivalenti et al. [10] . These authors have also provided modelling based on the trace-element composition of clinopyroxene pointing to degrees of partial melting higher than 20%.
Major-element compositional trends alone are not enough to discriminate among the proposed petrogenetic mechanisms, and trace-element modelling is hence necessary to unravel the petrogenetic processes that acted in the mantle beneath Paso de Indios. A full comprehension of the observed mineral and chemical trends would require the de nition of both the composition of the in ltrating melt(s) and the melting physical conditions as the system porosity, incoming melt rate and extent of melt retention [28, 30, 50, 53, 54] .
Disequilibrium reactions
In the xenoliths from the three localities, late disequilibrium reactions are locally recorded by orthopyroxene in contact with the host basalt. Less frequently, orthopyroxene in the inner part of the xenoliths shows the same disequilibrium reaction. In both cases the orthopyroxene is partially to totally replaced by an aggregate of clinopyroxene + glass + spinel group minerals + olivine ± plagioclase ± orthopyroxene. Rarely, reaction coronae surrounding clinopyroxene and spinel are present in the inner part of the xenoliths. In several samples, it is possible to identify the link between these disequilibrium reactions and the veins of altered glass that in ltrate from the host basaltic melt. The reactions presumably took place during ascent and emplacement at the surface. Several veins of altered glass located inside olivine and between olivine-clinopyroxene and olivine-orthopyroxene boundaries were analyzed by electron microprobe. In all cases the dominant components are SiO (36 to 44%) MgO (29 to 36%) and FeO (5 to 8%), resembling serpentine-group mineral compositions; the analyses do not add up to 100 (analytical totals were between 76.5 and 86%) suggesting high water and volatile contents. The occurrence of serpentine in mantle xenoliths is rather frequent when the host melt is very rich in volatiles, thus determining a strong uid activity during melt entrainment and/or emplacement to the surface, e.g. in kimberlite-borne mantle xenoliths (e.g. [55] ). It is thus concluded that the Paso de Indios mantle xenoliths experienced interaction with uids (presumably rich in volatiles) derived from the host basalt, which locally altered the primary minerals.
Conclusions
Peridotite xenoliths studied in this work show a mineral assemblage typical of upper mantle rocks and textures attesting to asthenospheric to lithospheric deformation and large degrees of partial melting.
The mantle portion from which the xenoliths have been extracted, experienced variable depletion by melt removal. According to the modal compositions, the mantle columns beneath the Matilde and León hills mostly recorded partial meting events greater than 22%, while less depleted peridotites occur in the Chenque suite (starting from 10% partial melting). Such an observation is conrmed by the partial melting estimates based on Cr# Sp, which vary from 8 to 14% for the selected Chenque samples and from 14 to 18% for the Matilde ones. This di erence is remarkable because the localities are geographically close to each other and belong to the same volcanic event.
The common melting trend is overlapped by smallscale cross cutting local trends. Local trends can be generated by open-system processes, such as open-system partial melting in the spinel facies eld and/or post partialmelting metasomatic migration of exotic Na-Cr-rich melts.
Petrographic studies con rm the occurrence of two main mineralogical reaction schemes due to channelled and/or pervasive melt extraction/migration. These are: i) pyroxene dissolution and segregation of new olivine in olivine-rich peridotites, and ii) replacement of primary olivine by orthopyroxene±clinopyroxene in orthopyroxene-rich peridotites. Such mineralogical schemes are usually considered to be related to the migration of melts with di erent silica saturation.
In fact, enhanced pyroxene dissolution is attributed to channelling of silica-undersaturated melts, whereas replacement of primary olivine by orthopyroxene±clinopyroxene points to reaction with silica-saturated melts.
Further studies are required to characterise the relationships between mineralogical reactions and chemical local trends.
Late coronitic reactions involving pyroxenes and spinel are frequently linked to veins coming from the host basalt.
The studied mantle samples present the lowest temperatures so far estimated for the sub-Patagonian mantle. As a whole, geothermobarometric estimates converge in indicating that the Paso de Indios suites of mantle xenoliths derived from shallow sectors of the lithospheric mantle column, which was subjected to a relatively low heat ux with respect to other Patagonian areas during the Cenozoic. Harzburgite MH: Coarse-grained to porphyroclastic texture. Olivines reach 8 mm in diameter and are kinkbanded. Grains are subhedral with ragged contacts among olivines, frequently are cross-cut by numerous veinlets of altered (serpentinized) glass. Smaller olivines (<1.5 mm) are mainly subhedral. Orthopyroxene is anhedral to subhedral with curvilinear borders and 6 mm in maximum size. Orthopyroxene reacts with host basalt and glass veinlets inside xenolith. Clinopyroxene reaches 1.7 mm in size, is subhedral and shows exsolution lamellae of orthopyroxene. Spinels are subhedrals and up to 1.1 mm in diameter. Some spinels have a reaction corona in contact with orthopyroxene linked to percolating melt (glass veinlets) from host basalt. Numerous veinlets of altered (serpentinized) glass minor than 0.1 mm in diameter cross the thin section.
A Petrographic description of samples analyzed with microprobe
Lherzolite M53: Porphyroclastic texture. The thin section shows small reaction pockets and veinlets of altered (serpentinized) glass up to 0.15 mm in thickness. Olivine is subhedral, with kink-bands and ragged borders. Larger olivines reach 5 mm in length and are traversed by numerous fractures and veinlets of altered glass. Olivines, smaller than 1.5 mm are subhedral and fresh. Orthopyroxene is anhedral, fractured and reaches 8 mm in size. Orthopyroxene is also present as vermicular crystals, replacing bigger and strained olivine. In the contact with host basalt, orthopyroxene develops a thin reaction zone. Clinopyroxene is subhedral and up to 1 mm in diameter. Spinel is anhedral and reaches 0.7 mm in length. A few spinels have a reaction corona in contact with orthopyroxene as a consequence of reaction with percolating melt (glass veinlets) from host basalt.
Harzburgite M55: Coarse-grained to porphyroclastic texture. Numerous veinlets of altered (serpentinized) glass cross the sample. Porphyroclastic olivine shows kinkbands, is subhedral, reaches 10.8 mm in diameter and is crosscut by veinlets of altered glass. Larger olivines show partial recrystallization in smaller ones. Olivines smaller than 1 mm are subhedral. Orthopyroxene is subhedral and reaches 5 mm in size. Some orthopyroxenes have uids inclusions. Orthopyroxene develops a reaction zone, when it is in contact with basalt. Clinopyroxene is subhedral, up to 1.6 mm in diameter. Spinel reaches 1.1 mm, is anhedral and frequently is located inside olivine crystals.
Harzburgite M67: Coarse-grained to porphyroclastic texture. Olivine reaches 11.7 mm. Larger olivines show kink-bands and ragged borders. It is common the formation of euhedral, small (<1.5 mm) olivines. Orthopyroxene is anhedral, reaches 8 mm in diameter, and has exsolution lamellae of clinopyroxene. Moreover there are vermicular grains of orthopyroxene inside and between large olivine crystals. Clinopyroxenes are mainly subhedral and reach 1.4 mm. Spinel is up to 1.8 mm in size and shows vermicular texture in contact with orthopyroxene.
Harburgite M79: Coarse-grained to porphyroclastic texture. Olivine is subhedral and reaches 6.3 mm in diameter. Olivine shows kink-bands and ragged borders. Grains smaller than 1 mm are subhedral and develop triple junctions among other olivines. Orthopyroxene is mainly anhedral with maximum size of 6.7 mm. It shows irregular borders and exsolution lamellae of clinopyroxene. Vermicular orthopyroxene grains replace strained olivine. Clinopyroxene is subhedral, up to 1.4 mm in diameter. Spinel reaches 2 mm in size and has vermicular texture. Some spinels have a reaction corona linked to percolating melt (glass veinlets) from host basalt.
Lherzolite Q65: Porphyroclastic to equigranular texture. Olivine is anhedral and reaches 5 mm in size; some large crystals present ragged borders and kink-bands. Olivine grains smaller than 1 mm are subhedral, develop triple junctions and rarely are kinked. Anhedral (vermicular) crystals of orthopyroxene and clinopyroxene are located inside and between some large strained grains of olivine, suggesting replacement. Orthopyroxene is subhedral reaches 6.6 mm, showing exsolution lamellae of clinopyroxene and kink-bands. Clinopyroxene is subhedral and up to 1.2 mm in diameter. Spinel is anhedral, reaches 0.8 mm in diameter and is in contact with orthopyroxene.
Harzburgite Q101: Porphyroclastic texture. Olivine reaches 6 mm in diameter and has kink-bands. It is common to observe polygonization and recrystallization of larger olivines into smaller (<1 mm), subhedral and mainly unstrained crystals. Orthopyroxene is anhedral, reaches 5 mm in diameter and presents exsolution lamellae. Several orthopyroxenes have vermicular texture and some large grains have embayments occupied by olivine. Clinopyroxene is subhedral to anhedral and up to 1 mm in size. Spinel is subhedral, smaller than 1 mm and in contact with orthopyroxene.
Lherzolite Q105: Porphyroclastic texture. Olivine reaches 6 mm in diameter and has kink-bands. It is common polygonizationandrecrystallization of larger olivines into smaller (<1.5 mm), subhedrals and unstrained crystals. Orthopyroxene is mainly anhedral, up to 5.2 mm in length, with exsolution lamellae of clinopyroxene. Frequently small vermicular orthopyroxene grains replace strained olivine. Clinopyroxene is anhedral and up to 1.2 mm in size. Spinel is up to 1 mm in diameter and subhedral to anhedral (holly leaf-shaped).
Lherzolite Q107:Porphyroclastic texture. Numerous veinlets of serpetinized glass cross the sample. Olivine is subhedral, up to 10 mm in diameter, and with kinkbands. Unstrained olivines smaller than 1 mm are the product of recrystallization of larger ones. Orthopyroxene is anhedral, reaches 5 mm in diameter and have exsolution lamellae. Orthopyroxenes smaller than 1 mm are subhedral. Frequently vermicular orthopyroxene is replacing strained olivine. Clinopyroxene reaches 1.3 mm in diameter, is subhedral and is in contact with orthopyroxene and spinel. Spinel is subhedral and smaller than 1.1 mm.
Lherzolite Q-Eug: Porphyroclastic to equigranular texture. The investigated thin section has numerous veinlets of altered (serpentinized) glass and linked to one of them, there is a reaction zone mainly constituted by clnopyroxene ans altered glass. Larger olivines are anhedrals, have kink-bands and reach 8.5 mm in diameter. It is common to observe polygonization and recrystallization of larger olivines into smaller (<1 mm), subhedral andunstrainedcrystals. Orthopyroxene is mainly subhedral and up to 5.9 mm in size. Some orthopyroxenes show deformation lamellae. The sample has several anhedral (vermicular) orthopyroxene grains replacing olivine and apophyses of new unstrained orthopyroxene grown from the outer border of strained orthopyroxene. Clinopyroxene is anhedral to subhedral and smaller than 1.4 mm. Spinel is subhedral and up to 2.2 mm in diameter. Sometimes vermicular clinopyroxene is linked to vermicular orthopyroxene replacing large olivine grains. Spinels develop vermicular texture in contact with orthopyroxene. Spinel is also present as inclusion inside olivine.
